Introduction
Our goal was based on environment questions. Environmental accidents involving crude and by-product oils have motivated laboratory research to evaluate photodegradation in monitored environments, as well as the characterization of crude and by-product oils. EPR was the spectroscopic technique used as analysis tool.
What is EPR?
Electron paramagnetic resonance (EPR) or Electron spin resonance (ESR) is a high resolution spectroscopy that consists in energy absorption of microwave, for electron spin, in the presence of a magnetic field (Ikeya, 1993) . As the name itself suggests, EPR is applied in samples containing some paramagnetic species or used as an investigative method, to verify the presence of some paramagnetic species. Paramagnetism is characteristic of species with a total magnetic moment different from zero.
Paramagnetism of organic molecules arises almost entirely from unpaired electron spins (Gerson & Huber, 2003) . The spin quantum number ( ) is the sum of the corresponding numbers, / of the unpaired electrons. The two possible configurations for an unpaired electron in the presence of an external magnetic field (spin up and spin down) have different energies, which are represented by energy level diagrams (Fig. 1 ). In the absence of an applied magnetic field, the two spin states are of equal energy (Bunce, 1987) .
Energy showed in different spin states in the presence of an external magnetic field is known as "Zeeman effect" and depends on and the magnetic moment of the electron (Ikeya, 1993) . The Zeeman energy is given by If an oscillating field of radiation in the microwave range acts on an unpaired electron in the presence of a magnetic field, transitions between two energy states are possible. The transition between energy levels will only occur when the following resonance condition is satisfied:
This happens when the incident radiation is equal to the separation between the Zeeman energy levels. ℎ is the energy of the absorbed photon, is a constant for the electron, the Bohr magneton, is the external magnetic field, and (g-factor) is a constant characteristic of spin system (approximately 2.0 for organic free radicals) (Janzen, 1969) . The g-factor is sensitive to the chemical neighborhood of the unpaired electron.
In EPR spectroscopy it is common to record the spectrum as first derivative curve ( Fig. 2a) , as opposed to the direct absorption curve (Fig. 2b) , which is the conventional presentation in high-resolution NMR (Bunce, 1987) . In addition to the interaction of the unpaired electron with the external magnetic field, interaction can also occur with the nuclei of atoms. If the nucleus of the paramagnetic ion has a magnetic moment, this will interact with the electronic moment, resulting in hyperfine structure in the EPR spectrum (Orton, 1968) .
The interaction of the unpaired electron with the nucleus splits the electron energy levels, generating a structure called spectral hyperfine structure or hf splitting (Poole, 1967) . Each "M s state" being split into a closely spaced group of + levels (Orton, 1968) . is the nuclear spin quantum number. The way in which these give rise to hyperfine splitting of the resonance lines is illustrated in Fig. 3 . Transitions are allowed under the following selection rules: ∆ = ± , for electron spin levels splitting, and ∆ = , for nuclear spins. For the sample taken, the allowed transitions are indicated by arrows in Fig. 3 . Each one of these transitions gives rise to a resonance line in the EPR spectrum (Fig. 4 ). The spacing between the observed lines, usually in gauss, provides the hyperfine coupling constant (A). The spacing between lines is always symmetrically disposed about the center of the spectrum. In crude and by-product oils, the paramagnetic species presence allows that the RPE technique assists to elucidate the complex chemical composition of these systems. Petroleum and related materials such as heavy oils, asphalt, pitch coal tar, tar sands, kerogen, and oil shale have been studied by EPR (Ikeya, 1993) .
Crude oil by EPR
The EPR spectra of crude oils show signals of two different paramagnetic centers, namely, the vanadyl group VO 2+ and free radical (Guedes et al., , 2003 . These are overlapped in the same magnetic field range ( Fig. 5a ), being the very intense central line associated with organic free radical Yen et al, 1962) (Fig. 5b ).
The free radical gives rise to a single line corresponding to the transition between the spin + ⁄ and − ⁄ . This line is interpreted as resulting from the superposition of the signals of the different species of free radicals with very close values of g-factor in crude oil asphaltenes (Guedes et al., , 2003 . .
To try to understand the free radical line, Arabian crude oil (Arabian Light Crude Oil) and Colombian crude oil (Cusiana Crude oil) were studied by EPR in X-(9 GHz), Q-(34 GHz), and W-bands (34 GHz). The spectra obtained at different frequencies are shown in Fig. 6 and Fig. 7. Fig. 6 . Free radical EPR spectra of Arabian crude oil at room temperature obtained in: a Xband; b Q-band; c W-band; Δ ⁄ is the half height separation of the EPR derivative peak and ∆ is the separation of the EPR derivative peak (Di Mauro et al., 2005) .
Asymmetrical lines of the free radical were observed in all EPR spectra (Figs. 6 and 7). However, asymmetry was more pronounced in the spectra obtained in the W-band (Figs. 6c and 7c). The asymmetry in the line is due to the superposition of all the possible orientations of the paramagnetic species in the system and to the contributions of different chemical species that interact with the unpaired electron. Fig. 7 . Free radical EPR spectra of Colombian crude oil at room temperature obtained in: a X-band; b Q-band; c W-band (Di Mauro et al., 2005) .
The values of the line width ∆ in the spectra increased linearly with the microwave frequency utilized in EPR experiments (Fig. 8 ). The ∆ values are obtained directly from the EPR spectrum, according to the representation shown in Fig. 6c . Fig. 8 . Line width ∆ of the free radical signal versus microwave frequency of EPR spectra recorded in the X-, Q-and W-bands at room temperature. , ∆ (Arabian petroleum); , ∆ (Colombian petroleum); , ∆ / (Arabian petroleum); , ∆ / (Colombian petroleum).
The increase in values of the line width ∆ could be due either, to the superposition of all the possible orientations of the paramagnetic species with anisotropic g-factor in the system and/or to the contribution of different chemical species with a different g-factor to the free radical. If the line is the result of a single chemical species, the first cause would be entirely responsible for the broadening of the line with the variation of the microwave frequency and we would be able to mathematically simulate the signal, thus acknowledging that it corresponds to a single species. However, a mathematical simulation of the free radical signal for the EPR spectra in three bands (X-, Q-, and W-bands) with a set of parameters corresponding to a single species does not coincide exactly with the experimental signal, signaling that the hyperfine interaction of the unpaired electron with neighborhood correspond to more than one species of radical in the molecular structure of the crude oil asphaltenes (Di Mauro et al., 2005) .
The vanadyl compounds (VO 2+ ) produce EPR signals less intense ( Fig. 3c) , with anisotropic g-factor and hf splitting. For the vanadium in the presence of an external magnetic field, the interaction of electron spin ( = ⁄ ) with the nucleus V 51 ( = ⁄ ) has 16 possible states distributed between the two values S ( =+ and =− ), as shown in diagram ( Fig. 9 ). The expected spectrum, considering the allowed transitions for vanadium (+4) in natural asphaltenes, is composed of sixteen axially anisotropic lines ( Fig. 10 ), being eight lines for the direction parallel, and eight lines for the direction perpendicular to the applied magnetic field. This EPR spectrum from crude oil asplaltenes is similar to the spectrum of etioporphyrin (I) when dissolved in low-viscosity oil (O'Reilly, 1958; Saraceno et al., 1961) .
The spectrum of vanadyl can be interpreted in terms of the following spin Hamiltonian with axial symmetry (O'Reilly, 1958) :
When the molecule is rotating about with a correlation time much shorter than the reciprocal of the spread of the spectrum in frequency, Eq. (5) is reduced to an ''isotropic'' Hamiltonian, with = ∥ + ⁄ (O'Reilly, 1958). EPR spectra with hyperfine interaction assist in the identification of the porphyrin or nonporphyrin vanadium complexes in crude oil (Saraceno et al., 1961; Espinosa et al., 2001) . The experimental parameter used in this identification is ∆ (chemical shift), which expresses chemical changes. This is calculated from the spectroscopic factors ∆ = . − × (Dickson & Petrakis, 1974) . The different values obtained experimentally for the ∆ parameter represent structural differences in the distribution of the ligands around the VO 2+ in complexes.
Degradation of Crude oil by EPR
Since laboratory monitoring has shown photochemical degradation of crude oil, an efficient process for oil oxidation and removal must also occur in the environment (Guedes, 1998) . Several scientific investigations have been carried out in an attempt to reduce the actual damages caused by-products that attack nature. In some studies, sunlight and artificial light were used on crude oil in order to verify the changes caused by all sunlight spectrum and some specific wavelengths. Monitoring the paramagnetic species in crude oil by EPR is possible to follow the changes in the molecular structure of the oils, once it reflects changes in the unpaired electron neighborhood.
Degradation by artificial light
Crude oils were irradiated with Hg lamp and He-Ne laser. Two types of oil were used, with three different samples. One sample is from Campos Basin -RJ. The other two were obtained from Arabian oil: part of the oil was used without treatment (total Arabian oil), and part was distilled at 260 °C, (partial Arabian oil). The oil samples were subjected to irradiation under commercial mercury lamp (street lighting), of 450 W, which had its protective cover removed. Oil samples were also subjected to irradiation under He-Ne laser with an output of 15 mW and monochromatic emission of 632 nm. EPR measurements were performed on the BRUKER ESP 300E Series equipment, operating in X-band (9 GHz) at room temperature.
Hg lamp
He-Ne laser Brazilian crude oil The values obtained to ∆ ≅ . for non-irradiated oils reveal the presence of vanadyl porphyrins in the Brazilian and Arabian crude oils. All non-irradiated oil samples had the same value of ( Table 1) . After irradiation, the g-factor values changed due to changes in the areas around paramagnetic VO 2+ species. When these oils are irradiated by UV-visible, values such as ∆ ≅ . are shown, corresponding to vanadium non-porphyrin complexes containing sulfur as a binder. When oils are irradiated at 632 nm, these values increase significantly (∆g 0 = 39.0), indicating the presence of vanadyl non-porphyrin complexes containing oxygen as a binder .
Both irradiations cause destruction of porphyrins. The radiation on 632 nm is responsible for g 0 values further apart from those obtained for vanadyl porphyrin. The UV-visible irradiation causes a decrease in the ∆ values with exposure to time. According to Table 1 , the first hours of exposure are the most significant for the destruction of vanadyl porphyrin.
The oils analyzed have different values for the g-factor and line width, corresponding to the free radical EPR signal ( Table 2 ). The signal of free radical in Brazilian oil has a value of de g = 2.0046 and in the Arabian oil of g = 2.0053, due to the high percentage of aromatics in Brazilian oil. This aromaticity explains also the narrow line that corresponds to the signal of the radical in the Brazilian oil. On the other hand, partial Arabian oil (distilled at 260 °C) is more viscous; therefore it originates a broadening of the line of the radical due to the dipolar interaction of the spins. The values of g-factor suggest the presence of free radical in carbon and nitrogen. The same mechanisms indicate that the percentage of sulfur radical in Arabian oil is higher than that of Brazilian oil.
With irradiation, UV-visible radiation increases the values of the g-factor and the line width of the free radical in Brazilian oil EPR spectra (Table 2) , caused by the destruction of aromatics. Irradiation at 632 nm of the Arabian oil causes a reduction of the value of g-factor because of the changes on the molecular structure of the photosensitive species in the region.
He Table 2 . EPR parameters of free radical in irradiated oil.
Degradation by sunlight
In countries where the incidence of solar light is significance, the process of photochemical weathering is an important mechanism for the removal of foreign substance from the environment (Nicodem et al., 1998) . The effects of photochemical oxidation of petroleum films over water were studied by Nicodem et al (Nicodem et al., 2001) .
The photochemical weathering of Brazilian oil (Campos Basin in the state of Rio de Janeiro), Arabian oil (Arabian light crude oil), and Colombian oil (Cusiana crude oil), as a film over seawater, was monitored by EPR. In all experiments, 5 ml of petroleum was placed floating over 20 ml of seawater. The resulting oil film was 0.8-mm thick. Petri dishes with Pyrex lids were used. This Pyrex® transmits 75% at 295 nm and 85% at 300 nm, with little sunlight attenuation (Nicodem et al., 1998) . Its use is common practice for samples with considerable absorption in the UVA and visible portions of the solar spectrum (El Anba-Lurot et al., 1995; Lartiges & Garrigues, 1995; Nicodem et al., 1998) . Crude oil absorbs sunlight in the ultraviolet, visible and near infrared, as reported by Nicodem et al. (1997) . Samples were irradiated by exposure to sunlight on the laboratory's building roof on cloud less days from 9:00 AM to 3:00 PM. For every irradiated sample was used a non-irradiated control, which was handled in the same way except that a black cover plate was used to eliminate irradiation. After irradiation, the two phases were separated by centrifugation and crude oils were submitted to EPR experiments at X-band (9.5 GHz), at room temperature. The WINEPR SimFonia Version 1.25 software of Bruker® was used in the simulation option for the determination of paramagnetic species parameters.
No variations in g-factor were observed in non-irradiated samples for any of the paramagnetic species (Table 3 ). The g-factor determined for the free radical signal in Brazilian oil (Campos Basin in the state of Rio de Janeiro) was 2.00450.0001 (Table 3) , suggesting the presence of phenoxy radicals, i.e. radicals partially localized in aromatic systems due to the oxygen. There was no variation in the g-factor values for the free radical, whereas the line width (∆ ) showed a significant decrease (Fig. 11) . In asphaltenes the hyperfine interaction is generally between the electron spin delocalized in an aromatic k orbital and the nuclear magnetic moments of H attached to the aromatic C. The line width broadening of the free radical cannot be attributed unequivocally to the unresolved hyperfine structure of the EPR spectrum. In petroleum asphaltenes, the effects of the aromaticity and the different degrees of substitution on the line width and the line shape probably overlap, and different number of spins can also contribute to the line width by dipolar interaction (Scotti & Montanari, 1998) .
Specimen g-factor
Solar irradiation caused an increase in the line width of the signal corresponding to the free radical within the first 5 h (Fig. 11 ). Since we know that the photodegradation of this Brazilian oil under solar light begins from singlet oxygen and continues with the formation of free radicals and the destruction of aromatic components of the oil by a photochemical effect (Nicodem et al., 1998) , we can say that the widening of the line was due to the increase of the concentration of free radicals and the decrease of aromaticity in asphaltenes. After 20 h of irradiation, narrowing of the line was detected. At the end of 100 h of irradiation the line width was reduced by 10.6%, indicating rearrangement among radicals present in the structure and probably the partial destruction of the asphaltenic fraction of the oil.
An increase in the values for VO 2+ was observed in irradiated samples (Table 3) . The chemical shift obtained for Brazilian oil was ∆g 0 = 21.6, indicating that this oil contains vanadyl in the porphyrin and non-porphyrin structures. Based on literature data (Dickson & Petrakis, 1974) , it is possible to suggest that vanadyl in Brazilian oil has VO(N4), VO(NS3), VO(N2S2) and VO(N3S2) as possible environments.
After 100 h of solar irradiation the variation in the ∆g 0 value to 19.5 (Fig. 12 ) must be attributed to the preferential destruction of the vanadyl porphyrin complexes due to the decrease in the ∆ value (Dickson & Petrakis, 1974) . The uncertainty in the determination of the ∆ value is 0.1. The g-factor determined for the free radical signal in Arabian and Colombian petroleum was 2.0033±0.0001 and 2.0030±0.0001, respectively. One possible interpretation for the g-factor values observed corresponds to neutral radicals of carbon or nitrogen (Yen et al., 1962) . Thus, Arabian crude oil should have a lower percentage of aromatic carbon than Colombian crude oil, in which the percentage of heteroatoms should be higher. However, it is also possible that a difference in the distribution of the anisotropy in both the g-factor and the hyperfine coupling constants of the two samples produces a difference in the spectral shape, which could cause a small variation in the g-factor feature (Di Mauro et al., 2005) . It is interesting to observe that this variation could result in increased localization of the electron on the heteroatom. No changes were observed in the free radical g-factor in crude oil by exposure of the samples (irradiated and non-irradiated) to sunlight.
In agreement with Scotti and Montanari (Scotti & Montanari, 1998) , the g-factor obtained by EPR for free radicals were found to be lower when the aromatic carbon fraction was larger, in the asphaltene of several crude oils registered by NMR. The fact that Arabian oil (g = 2.0033) presents a heteroatom weight percentage of 2.79%, smaller than Colombian oil (19.77% wt), and the fact that nitrogen and sulfur are located mainly in the aromatic systems in crude oil indicate that this oil is less aromatic than the Colombian oil (g = 2.0030). Another important fact obtained by EPR is that Colombian oil presents 19.6% wt of nitrogen and since this heteroatom is related mainly with porphyrinic and non-porphyrinic systems in petroleum asphaltenes, it is possible to affirm that the oil of Colombian origin has a larger asphaltene fraction than Arabian oil.
The line width of the free radical signal was 5.2 ± 0.1 Gauss for Arabian crude oil and 5.3±0.1 Gauss for Colombian crude oil. Solar irradiation did not alter the line width of the signal corresponding to the free radical within a few hours of exposure of the oil films. A decrease in the values was observed for both oils in samples irradiated for 100 hours (Fig. 13 and 14) . The reduction in line width from 5.1 to 4.6 Gauss (9.8%) in Arabian oil and from 5.4 to 4.4 Gauss (18.5%) in Colombian oil indicates photochemical degradation of the crude oils under solar light. The spin relative counts of the free radical signal in crude oils, using Varian strong pitch signal as a spin counter standard, indicated a reduction of 12% in this paramagnetic species in irradiated Arabian oil, while in irradiated Colombian oil this corresponded to 35% after 100 hours under solar light. In the non-irradiated samples (control) the spin counts revealed an increase of 16% and 9% in radicals in Arabian and Colombian oils, respectively, indicating that the photochemical process is capable of degrading the aromatic components present in crude oils.
The degradation of crude oils can be observed by a reduction in the amount of free radicals related to spin counts and to line width narrowing of the EPR signal of these paramagnetic species, which react with atmospheric oxygen and can be extinguished during the exposure of crude oils to solar light. There was no significant variation in the values for the free radicals in the non-irradiated samples. The line shape parameter was determined in the EPR spectra and showed no modification in relation to the value obtained before irradiation.
It is possible to affirm that the narrowing of the EPR line corresponding to free radicals in the irradiated oils was due to the rearrangement among the radicals present. The electromagnetic source, in the case of the solar light, with chemical modification properties in relation to some substances, can break links that result in the generation of free radicals, which upon suffering rearrangements or recombinations can produce other chemical species different from the precursory compounds (Guedes et al., 2006) . The oils studied in the present investigation were significantly affected by the action of sunlight under tropical conditions. Observations revealed that solar irradiation reduces the aromaticity of crude oil, degrading porphyrin complexes and at least partially destroying asphaltene fraction of oil. The EPR technique proved to be useful in the characterization of the molecular structure of asphalttenes in crude oil and also revealed changes of the photochemical nature in the oil under the effect of sunlight.
By-product oil by EPR
The interest in studying by-product oil is due to the fact this low-viscosity, when compared to the crude oil, allows high mobility of free radical in its environment. The by-product oil investigated by EPR was Marine diesel (fluid catalytic diesel, bunker, ship fuel). The marine diesel spectrum (Fig. 15 ) consist of signal from radicals with a typical hf splitting of protons, exhibiting a septet of lines with intensities proportional to 1, 6, 15, 20, 15, 6, 1. These correspond to different ways of form spins + , + , + , , − , − , − due to the interaction of six equivalent and strong coupled protons [A( 1 H)]. Each of seven hfs lines is split into four lines (quartet) due the three weakly coupled protons [A´( 1 H)] with intensities proportional to , , , , and corresponding to the different ways of form spins + ⁄ , + ⁄ , − ⁄ , − ⁄ . The analysis suggesting first-and second-order hf splitting, with spin configurations described above, provides the layout of an energy diagram (Fig. 16 ). Fig. 16 . Energy diagram to free radical in marine diesel (bunker).
Considering the selection rules, the allowed transitions are indicated by 28 vertical arrows representing each one of the spectral lines.
The radical rotates at a shorter correlation time than the reciprocal of spectrum in frequency. Therefore, in Fig. 15 the spectrum can be interpreted in terms of the following "isotropic" spin Hamiltonian:
where = ⁄ , = ⁄ .
The WINEPR SimFonia Version 1.25 software of Bruker® was used in the simulation option for determining g, A, A´ and (peak-to-peak line with) of the free radical species. The parameter values found were g = 2.0028±0.0005, A = 6.31±0.01 G for 6 equivalent protons, A´ = 1.80±0.01 G for three equivalent protons, and = 0.38±0.02 G. Therefore, with the parameters above and no superposition among spectrum lines, 28 lines are expected with intensities 1, 3, 3, 1, 6, 18, 18, 6, 15, 45, 45, 15, 20, 60, 60, 20, 15, 45, 45, 15, 6, 18, 18, 6, 1, 3, 3, 1 (Fig. 17a) . The theoretically expected intensity, when compared with the intensities of spectrum lines (Fig. 17b) , shows results in far agreement, except for the outer lines with low intensity.
The septet-quartet signal has been observed in petroleum-rich mudstone and carbonates (Ikeya & Furusawa, 1989) . A similar signal observed in flints has been assigned to stable perinaphthenyl radicals (Chandra et al., 1988) . Some authors (Ikeya, 1993; Uesugi, 2001) presented splitting similar to the pattern mentioned above assigning to t-butyl molecules. However, according to Forbes et al. (Forbes et al., 1991) the hf coupling for 1 H in t-butyl is 22.6 G, which does not fit the spectrum of marine diesel. Sogo et al. (Sogo et al., 1957) on the other hand, determined hf parameters for perinaphthene that fit fairly well to the spectrum Fig. 17 . a Simulation of septet-quartet EPR spectrum with g = 2.0028±0.0005, A = 6.31±0.01 G, A´ = 1.80±0.01 G and ∆H pp = 0.38±0.02 G. b EPR spectrum of marine diesel in X-band at room temperature, showing the hf separation into seven lines due to interaction of six equivalents strongly coupled protons and each of the seven lines is resolved into four lines due the three weakly coupled protons. The line intensities are indicated (Di Mauro et al., 2007) .
of marine diesel. Besides, according to Gerson and Huber (Gerson & Huber, 2003) , perinaphthenyl can be detected in pyrolysis products of petrol fractions. Another chemical evidence favorable to perinaphthenyl is its persistence (Sogo et al, 1957 ) when compared to the no very persistent t-butyl.
The results obtained for the hfs interaction of free radicals in marine diesel and the discussion regarding the organic molecule models indicate that perinaphthenyl radicals (Fig. 18 ) are the probably responsible for the septet-quartet EPR spectrum of this oil byproduct (Di Mauro et al., 2007) . Fig. 18 . Structural representation to perinaphthenyl radical indicating, 1 to 9, hydrogen atoms responsible for the hyperfine splitting observed in marine diesel spectrum.
According to Fig. 18 , the hf splitting arise from the hyperfine interaction of the unpaired electron with the hydrogen atoms around the molecule. The six hydrogen atoms in positions 1, 2, 4, 5, 7, 8 are responsible for first-order hyperfine interaction and the other three atoms in positions 3, 6 and 9, the second-order hyperfine interaction.
It was verified that EPR signal attributed to the perinaphthenyl radical in marine diesel decreases in intensity and finally disappears with time, depending on the time that samples were exposed to air; this suggested that the radical undergoes a chemical reaction, probably with oxygen in air, since phenalenyl is sufficiently persistent in dilute deoxygenated solutions (Gerson, 1966; Hicks, 2007) . Senglet et al (Senglet et al, 1990) observed weak phenalenyl radical spectra after six months of storage to fuel samples. Another possibility is that the perinaphtenyl radicals form a dimer (Fig. 19 ) becoming diamagnetic and, consequently, exhibiting no EPR signal. In the liquid state, usually all but the most stable free radicals rearrange or polymerize (Lewis & Singer, 1969) . Studies (Gerson, 1966; Reid, 1958) indicate that the phenalenyl radical and its derivatives show self-association and formation of a diamagnetic dimer. Fig. 19 . Spontaneous self-associations of phenalenyl radicals forming the -dimer.
More recently, quantitative EPR studies (Zaitev et al, 2006; Zheng et al, 2003) confirmed that the phenalenyl dimerization occurs reversibly in carbon tetrachloride, toluene and dichloromethane, resulting in a complete signal loss at low temperatures due to dimer formation. Given that the phenalenyl radical generally exists in equilibrium with its diamagnetic dimer (Gerson, 1966) and taking into account the high mobility of this radical in marine diesel (Di Mauro et al, 2007) , dimerization even at room temperature should be considered.
Concerning this possibility, marine diesel sample that exhibited no hyperfine resolved lines (Fig. 20a ) was investigated by EPR in the temperature range from 170 to 400 K. The free radical EPR spectrum in marine diesel revealed a progressive appearance of the typical hfs of protons with heating (Fig. 21a ). The hfs lines were superposed over the single line with a peak-to-peak line width of about 9 G present in all spectra (Fig. 21a ), whose intensity also increased with temperature. Up to 378 K, it was impossible to determine the interaction of a free electron with hydrogen atoms protons. At 383 K, the spectrum became very intensive (Fig. 21b ) exhibiting resolved lines.
This spectrum was analyzed to determine the types of free radicals manifested in this experiment. In order to investigate only resolved hfs lines, a single unresolved line (Fig. 22a) was subtracted from the spectrum (Fig. 22b) . The spectrum resulting the subtraction (Fig.  22c ) can be interpreted in terms of the isotropic spin Hamiltonian (eq. 6).
The First attempt in the simulation, with WINEPR SimFonia Version 1.25 software of Bruker®, was to consider a septet-quartet RPE spectrum attributed to the perinaphthenyl radical (C 13 H 9  ). However, this interpretation was not sufficient to reproduce the spectrum presented in Fig. 22c , indicating the superposition with other groups of less intensive lines which could be due to phenalenyl radicals with different number of splitting protons (Zaitev et al., 2006) .
The investigation of the remaining lines in the EPR spectrum after subtraction of the first group of lines simulated (Fig. 23a ) revealed the need to add a second group of lines due to the interaction of five equivalent and strongly coupled protons (sextet) and the interaction of three weakly coupled protons (quartet) (Fig. 23b) . The chemical structure corresponding to this interaction is presented in Fig. 24b . The sum of these two simulated groups ( Fig. 23a and b) reproduced all spectrum lines but not their intensities. The intensity problem was solved by the addition of a third group of lines due to the interaction of four equivalent and strongly coupled protons (quintet) and the interaction of three weakly coupled protons (quartet) (Fig. 23c ) whose structure is presented in Fig. 24c . 
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The superposition of three groups of lines generates a set of lines shown in Fig. 23d . The theoretical model with three groups of lines overlaps with the experimental spectrum (Fig.  25) . The weight percentages was 53.5, 30.0 and 16.5% for the first, second and third groups, respectively. The hyperfine parameters (A and A´) and weight percentages in the intensity of lines, used in the simulation of the three groups of lines, are presented in Table 4 . Table 4 . Hyperfine parameters and weight percentages in intensity of the lines used in the simulation of lines groups. Fig. 25 . Superposition of theoretical model, with three groups of lines (dotted line), and experimental spectrum (solid line).
Simulated spectrum
The proposed model of three overlapped paramagnetic species accurately reproduced the experimental lines. Three paramagnetic species, phenalenyl plus two of its derivatives, found after heating, indicate that the system (older marine diesel) somehow preserved the phenalenyl structure.
Like the paramagnetic species were overlapped in the same spectrum, apart from the difficulty of obtaining a high-resolution spectrum that allowed the observation of the splitting due to the functional group protons, it was impossible to identify the functional group that substituted the hydrogen atoms.
Spectra to paramagnetic species with different functional groups that substituted one hydrogen atom are presented in literature (Lewis & Singer, 1969; Rabold et al, 1965; Wain et al, 2006) . The calculated hfs coupling constants for the second lines group is in strong agreement with the values reported by Rabold et al (Rabold et al, 1965) to the hydroxiperinaphthenyl radical.
Yamada and Toyoda (Yamada & Toyoda, 1973) observed the formation of the 4,6dimethylperinaphthenyl radical when acenaphthylene dissolved in an inert solvent was heat up to 440 C, resulting in the EPR spectrum splitting due to the methyl protons. The two methyl groups occupying two α-positions produce a spectrum similar to that of the third group (Fig. 23c ). Despite the observation of this radical only at high temperatures, it appears upon heating and as an intermediate compound in the reaction.
Despite the fact that it is impossible to describe the exact chemical transformations and the mechanisms involved in the appearance of magnetic species in marine diesel due to complexity of this oil by-product, the information provided by EPR spectroscopy, especially the hfs coupling, allowed to monitor the modifications and to suggest the type of free radical species formed in this oil during heating. Thus, with organic molecule models, perinaphthenyl radical are thermally recuperated by breaking the linkage formed in the dimer, and hydroxyperinaphthenyl and 4,5-dimethylperinaphthenyl radicals are the most likely phenalenyl derivatives yielded upon heating the marine diesel (Piccinato et al., 2009 ).
Conclusion
The EPR technique proved to be useful in the characterization of the molecular structure of asphaltenes in crude and by-product oil. The EPR parameters are able to reveal changes of the photochemical nature in the oil under the effect of sunlight or in some specific wavelength. This spectroscopy technique can be further explored and, consequently, applied in the monitoring of petroleum weathering and its by-products in environmental matrixes whenever accidents occur or routine operations result in oil spill. The period of permanence of toxic and refractory aromatic components of petroleum in aquatic systems can be evaluated not only through quantitative chromatographic methods, but also using nondestructive and more economical qualitative methods.
